Introduction
============

Several fluorogenic nucleic acid assays (Molecular Beaconse™, TaqMan^®^, Invader^®^, Scorpion Primers etc) and assay formats\--real-time polymerase chain reaction (PCR), end-point analysis, melting curve analysis\--have been developed recently for single nucleotide polymorphism (SNP) detection \[[@B1]\]. Yet certain types of SNPs, like mismatches in G-C-rich targets or G-T substitutions in A-T-rich targets, or any G-T mismatches, remain difficult to detect \[[@B2]-[@B4]\]. The MGB Eclipse system significantly increases the number and composition of SNP targets that can be analysed. The solution to this problem came through the marriage of molecular biology and chemistry. G- or C-rich sequences (in particular areas of four or more consecutive Gs) can be refractory to analysis, due primarily to Hoogsteen base pairing \[[@B5]\]. Substitution of normal G with modified G (Figure [1a](#F1){ref-type="fig"}) breaks Hoogsteen base pairs, allowing both PCR- and probe-based analysis of GC-rich targets. The use of our modified A and T allows better stabilisation by significantly increasing the T~m~of oligonucleotides containing the said modified bases. Modified A creates an A-T base pair that has a T~m~just below that of a G-C base pair, and Epoch\'s modified T creates a T-A base pair that has a T~m~that is about 30 per cent higher than the unmodified T-containing base pair. Together, the presence of MGB and modified bases permits the use of short probes, providing good mismatch discrimination and primers that allow PCR of targets that are refractory due to high AT and GC content. The MGB Eclipse probes are stable to 5\'-nuclease degradation, and their signal is hybridisation-based only. By contrast, the MGB ligand-free Molecular Beacon probes show signal generation by both 5\' nuclease cleavage and hybridisation-based mechanisms \[[@B6]\]. The use of the MGB ligand to improve SNP detection of traditional probes has previously been reported for TaqMan assays \[[@B7]-[@B9]\] and MGB Eclipse Systems \[[@B6]\].

![**a) Mechanism of MGB Eclipse probe detection**. P is a polymerase, F is a fluorophore and Q is the Eclipse™ Dark Quencher; **b**) The structure of an MGB Eclipse probe; **c**) to **e**) are the structures of modified G, A and T, respectively. dR is 2\'-deoxyribofuranoside, R~1~and R~2~are proprietary substituents.](1479-7364-1-3-209-1){#F1}

The MGB moiety at the 5\' end of MGB Eclipse probes effectively blocks the exonuclease activity of Taq, preserving the intact probe (Figures [1b](#F1){ref-type="fig"} and [1c](#F1){ref-type="fig"}). This allows amplified DNA targets to be accurately genotyped by analysis of the real-time data or by our preferred method, a fluorogenic melt curve analysis. After the completion of PCR, both MGB probes (each with a different fluorescent reporter dye) are annealed to the amplified SNP-containing sequence. The DNA duplexes are denatured over a time course and the decrease in the fluorescent signal of each probe is measured. Comparison of the two-colour melting curves allows differentiation of sequence variants of the target. This melt analysis, following the real-time data analysis, provides further conformation of the genotype call. In concert, the real-time data, the combination of two-colour melt curve analysis, the modified bases and the MGB moiety provide a rich system to specifically detect challenging SNPs. A comparison of real time and melting curve formats is described, and examples of genotyping are discussed.

Materials and methods
=====================

Synthesis of fluorogenic MGB probes and PCR primers
---------------------------------------------------

Fluorogenic MGB Eclipse probes were synthesised on an MGB-quencher solid support using commercially available reversed 5\'-DNA phosphoramidites, as described elsewhere \[[@B6]\]. This approach was taken due to the insolubility of the MGB-quencher and the lack of a corresponding phosphoramidite derivative. Fluorescent reporter groups (fluorescein and 5\'-tetrachlorofluorescein) were introduced using the corresponding phosphoramidites. A conventional glycol linker was introduced between the DNA sequence and the fluorescent dye to increase the distance between the fluorescent dye and quencher. MGB Eclipse probes and primers containing modified G (Super G™, Epoch Biosciences, Bothell, WA) were prepared as described elsewhere,\[[@B6]\] using a dimethylformmide (DMF) protecting group. MGB Eclipse probes and primers containing modified A and T (Figure [1d](#F1){ref-type="fig"} and [1e](#F1){ref-type="fig"}; Super A™, Super T™, Epoch Biosciences, Bothell, WA) were prepared using conventional DNA synthesis protocols, the probes were synthesised using reversed phosphoramidites and the primers synthesised using forward phosphoramidites (synthesised by methods described in WO 0164958). MGB Eclipse probes were purified by reverse phase HPLC, dried and re-dissolved in 1 × TE buffer. Concentrations were determined by measuring the 340 nm absorbance of the DPI~3~chromophore in the MGB Eclipse probe \[[@B6]\] and were formulated as a 20 × solution (4 μM of each probe). Primers were formulated as a 20 × mixture composed of an excess primer (40 μM) and a limiting primer (2 μM) to ensure the excess synthesis of the target strand for the complementary MGB Eclipse probe.

Probe and primer design
-----------------------

MGB Eclipse probes and primers were designed to SNP-containing target sequences (150 bp up and downstream of the SNP of interest) using the MGB Eclipse™ Design Software 3.0 (<http://www.epochbio.com/products/MGBEclipse_Software.htm>). This program utilises thermodynamic parameters and nearest neighbour parameters that were determined for the MGB moiety, the Eclipse Dark Quencher and all the modified bases. The software was run in the Express Mode, and in each case the best choice was used for further study.

Templates
---------

One hundred and two unrelated Centre d\'Etude du Polymorphisme Humain (CEPH) DNA samples were obtained from the Coriell Institute of Medical Research (<http://locus.umdnj.edu/>) after specifying that the DNA samples were to be used for research purposes only. A list of the templates used is available at <http://snp500cancer.nci.nih.gov>.

Real time PCR using MGB Eclipse probes
--------------------------------------

Real time PCR was conducted on either an ABI Prism^®^7900 Sequence Detection System (SDS) (Applied Biosystems, Foster City, CA), or on a MJ Research PTC-200 Peltier Thermal Cycler (Waltham, MA) \[[@B10]\]. On both instruments, 50 cycles of a three-step PCR (95°C for five seconds, 58°C for 20 seconds and 76°C for 30 seconds) profile were run after an initial 2 minutes at 95°C. If necessary, fluorescent data were collected at 58°C with an ABI 7900 SDS. Commercially available 2 × Jump Start™ Taq Ready Mix™ for Quantitative PCR with 2 mM final Mg^++^concentration (Sigma Catalog \#D 74403) supplemented with JumpStart Taq Polymerase (Sigma Catalog \#90 4184) to a final amount of 0.37 U/μl was used. The final concentration of both probes was 0.2 μM; the concentration of limiting primer was 0.1 μM and excess primer was 2 μM. Each 5 μl reaction solution contained 10 ng of genomic DNA lyophilised in 96- or 384-well plates with a SPD 1010 SpeedVac^®^(ThermoSavant, NY) prior to reaction set-up. Routinely, 102 CEPH DNA samples were tested in triplicates using a 384-well plate. A Biomek^®^2000 Laboratory Automation Station (Beckman Coulter, USA) was used to set up PCR reactions.

Genotyping analysis using fluorogenic melt curves and MGB Eclipse probes
------------------------------------------------------------------------

After completion of PCR, the plate was transferred to the ABI PRISM 7900 SDS (if PCR was performed in an MJ Research Cycler), and the instrument was set for dissociation curve analysis using fluorescein and tetrachlorofluorescein detection. The thermal profile was set using an initial denaturing temp of 95°C for 30 seconds, an annealing temp of 30°C and a final temperature of 80°C. The ramp rate was set to 10 per cent, which is \~1 degree per ten seconds. After reaching the final temperature, the collected data were saved for analysis. Melt curve data can be graphically visualised as the first derivative of the melt curve over temperature. For automated genotyping, the data are exported to Microsoft^®^Excel (Microsoft Corporation, Redmond, WA) and analysed using the MGB Eclipse Melt Macro available from Epoch Biosciences (<http://www.epochbio.com>).

Results and discussion
======================

Design of MGB Eclipse probes and primers
----------------------------------------

SNP detection using fluorogenic probes and PCR requires robust amplification and exquisite ability to distinguish between alleles. Unfortunately, many interesting and important SNPs can be buried in folded or aggregated regions of DNA, making analysis problematic \[[@B11]\]. G-C-rich regions of DNA are especially difficult to amplify and probe, as G bases are prone to forming secondary structures such as G-tetrads (Hoogsteen base pairing) and parallel stranded duplexes \[[@B12]-[@B15]\]. Hybridisation assays can be carried out at higher temperatures to melt out complex secondary structures, but this requires probes that bind to the desired DNA strands at these elevated temperatures and often results in mismatches not being detected such as the T-G mismatch (the hardest mismatch to detect). Long probes (20-30 nt) can be used for A-T-rich sequences, but these frequently require very stringent hybridisation conditions to allow the detection of SNPs in DNA duplexes with very small melting temperature differences \[[@B9],[@B16]\]. We have previously shown that standard probes lacking the MGB moiety don\'t discriminate well, if at all, if the SNP is located in regions with high AT content \[[@B9]\].

The use of fluorogenic MGB probes has helped solve the problem of genotyping A-T-rich sequences and this technology has been adopted for use in both TaqMan MGB and MGB Eclipse Systems. For MGB Eclipse, a probe T~m~of 59-63°C (with 2.0 mM Mg^++^PCR buffer and probe concentrations of 0.2 μM) is used as a default setting in the MGB Eclipse Design Software. This T~m~is desirable, since it ensures efficient hybridisation-triggered fluorescence at the middle of the dissociation temperature range (40-80°C), but does not block PCR at the primer extension temperature of 76°C. As described below, actual T~m~\--as measured by fluorogenic melting curve analysis\--is usually lower than calculated, since the concentration of the single strand DNA (ssDNA) target is variable.

Genotyping assays with fluorogenic MGB probes require robust PCR, so design of primers is also a crucial issue. Primer design software is commercially available, and sophisticated algorithms can be used to avoid coiled DNA targets, self-complementary primers (primer-dimers), long A-T-rich primers or other potential problems. Since PCR efficiency declines with length of amplified sequence,\[[@B17]\] short amplified fragments (amplicons) are desirable. Amplicons of 80-200 bp improve PCR efficiency and thus provide a stronger signal. Optimum performance of MGB Eclipse probes is obtained when there is an excess of the complementary DNA target strand. Probe and primer designs for a typical SNP containing the DNA target (*selectin E*gene, SELE-02; <http://snp500cancer.nci.nih.gov>) are displayed in Figure [2](#F2){ref-type="fig"}. Note that a modified G analogue had to be used in one of the probes, to avoid self-association.

![**Partial sequence of the *selectin E*gene (*gi*:4506870; *rs3917410 (SELE-02)***. The SNP is shown in square brackets. The primer and probe sequences are underlined and shown below. Q is the Eclipse Dark Quencher. The alleles are in bold and underlined in the probe sequences. \'g\' is modified G. Probes are complementary to the shown sequence. Fa and Fb are fluorescein and tetrachlorofluorescein, respectively.](1479-7364-1-3-209-2){#F2}

Comparison of real time and melting curve SNP assays
----------------------------------------------------

The power of a melt curve is in the examination of the signal reported at a range of temperatures for each probe. This allows easy discrimination of the signal for each probe. Any probe bound to a mismatch will necessarily be less thermodynamically stable (usually with T~m~about 5-10°C lower) than the same probe bound to a perfect match. By melt curve analysis, a high level of discrimination over a range of temperatures can be utilised to make genotype calls. Genotype calling is highly accurate, since unique melting curve patterns are observed for wild-type, mutant and heterozygous alleles, using two differently labelled MGB Eclipse probes specific for wild-type and mutants, respectively.

The advantage of melting curve analysis over endpoint fluorescence read is that sample-to-sample variations in PCR yield and/or template DNA amount and quality do not affect the T~m~of the samples with the same genotype and consequently do not affect genotyping calls. By contrast, endpoint detection makes calls based on final fluorescence intensity after PCR, which strongly depends on the quality of the samples and PCR yield. In some cases, these differences in fluorescence can lead to the wrong genotype call \[[@B10]\].

The power of genotyping using melting curve analysis with two differently labelled MGB Eclipse probes, specific for each allele, is demonstrated by a comparison of real time PCR and melting curve assay results for the SELE-02 SNP, a C to T substitution, as shown in Figure [3](#F3){ref-type="fig"}. The assay was tested against 102 individual human genomic DNA samples. As shown, even difficult to detect SNPs can be discriminated by melting curve analysis. Note that the mismatched tetrachlor-ofluorescein-labelled MGB Eclipse probe hardly shows up in the melting curve (Figure [3d](#F3){ref-type="fig"}), since the hybrid melts at such a low temperature. The mismatched fluorescein-labelled MGB Eclipse probe does show up (T~m~difference is 7°C), but is easily discriminated to the perfect match (Figure [3b](#F3){ref-type="fig"}). By contrast, real time PCR the analysis can be ambiguous, since only the strength of the fluorescent signal is measured. As shown with the tetrachlorofluorescein real time data, the allele 2 and heterozygous curves are close together, which makes genotype assignment difficult (see scatter plot in Figure [3e](#F3){ref-type="fig"}, samples 1 and 2). The melting curves, however, have \'match\' T~m~s for the questionable samples only in the Fb channel, which corresponds, by definition, to a homozygous \'T\' genotype. The results were in 100 per cent concordance with sequencing data (<http://snp500cancer.nci.nih.gov/snp.cfm>).

![**Genotyping of *SELE-02*alleles using the MGB Eclipse System of 102 CEPH samples**. Real-time curves in the fluorescein channels (Fa) and tetrachlorofluorescein (Fb) are shown in **a**) and **c**), respectively. Melt curve analysis in the fluorescein and tetrachlorofluorescein channels are shown in **b**) and **d**), respectively. A scatter plot of the real-time data from **a**) and **c**) is shown in **e**). Samples 1 and 2 are outlier samples in the scatter plot, genotyped in **b**) and **d**) as unequivocally homogeneous wild-type samples. The x-axis and y-axis in a) and c) represent the cycle number and fluorescent signal in fluorescent units, respectively. The x-axis and y-axis in **b**) and **d**) represent the temperature in °C and the first derivative, respectively.](1479-7364-1-3-209-3){#F3}

MGB Eclipse probes with modified A and T bases for genotyping A-T-rich targets
------------------------------------------------------------------------------

As described above, MGB Eclipse probes dramatically improve genotyping of A-T-rich targets, since the MGB probes are shorter and have better mismatch discrimination. Still, very A-T-rich SNP sites can require long (\> 18 bases) MGB probes for fluorogenic PCR assays. MGB Eclipse probes also have an optimum length requirement beyond that required for mismatch discrimination. We and others have shown that optimal signal and discrimination for the \'hybridisation-triggered fluorescence\' mechanism is achieved with probes \~15 bases in length \[[@B9],[@B18]\]. We have largely solved the problem of A-T-rich targets by incorporating modified A and T bases into MGB Eclipse probes and primers. The *NAT1*\--N-acetyltransferase 1 (arylamine N-acetyltransferase) gene (<http://snp500cancer.nci.nih.gov>) is an example of a difficult target; a portion of the 3\'-UTR of the NAT1 gene sequence is shown in Figure [4](#F4){ref-type="fig"}. Attempts to make a working assay without modified bases failed due to poor discrimination (data not shown).

![**A portion of the *NAT-I*sequence (gi:27754152)**. The two SNPs are shown in square brackets. The underlined primer sequences are the same for both SNPs and are shown below with corresponding probes. Small letters represent modified bases. Design was made for the antisense strand. Alleles are bold in the probe sequences.](1479-7364-1-3-209-4){#F4}

The sequence shown in Figure [4](#F4){ref-type="fig"} is especially difficult, since there are two closely positioned SNPs within an 8 bp region of DNA. Since the region is A-T rich, long primers and MGB probes would be required, and overlap of the binding regions would prevent the analysis of each SNP. As shown in Figure [4](#F4){ref-type="fig"}, using modified A and T in MGB Eclipse probes and primers allowed two SNP systems to be successfully prepared without overlap of the adjacent SNPs. MGB Eclipse probes to the first \[A/T\] SNP (Figure [5a](#F5){ref-type="fig"}) were successfully designed using two modified A and four modified T bases, thus shortening the probes to 14 bases and preventing overlap with the second \[A/C\] SNP (Figure [5b](#F5){ref-type="fig"}). MGB probes to the second SNP used two modified A and six modified T bases, thus shortening the probes to 15 bases. As can be seen by the fluorogenic melt curves, both assays can be used to discriminate between homozygous and heterozygous samples. The data clearly show that genotyping of both of these difficult SNPs is possible. (Figure [5](#F5){ref-type="fig"}).

![**Genotyping of *NATI*SNPs using the MGB Eclipse System**. Melt curves analysis of a) A-T alleles and b) A/C alleles. Fa is fluorescein and Fb is tetrachlorofluorescein. Alleles are underlined in the probe sequences. Small case letters represent modified bases. The x-axis and y-axis represent the temperature in °C and the first derivative, respectively.](1479-7364-1-3-209-5){#F5}

MGB Eclipse probes with modified G bases for genotyping G-C rich targets
------------------------------------------------------------------------

As described earlier, G-C-rich regions of DNA are especially difficult to amplify and probe, since G bases are prone to forming secondary structures such as G-tetrads and parallel stranded duplexes \[[@B12]-[@B15]\]. We have reported that formerly inaccessible G-rich probes can be easily prepared using modified G, an analogue of the naturally occurring dG base. Modified G (Super G, also called pyrazolopyrimidine G, PPG, or 8-aza-7deaza-guanine) hybridises with a similar affinity to natural dG, but shows little propensity to form unwanted secondary structures or aggregates \[[@B19]\]. Many of these \'non-ideal\' complexes can arise from hydrogen bonding (Hoogsteen bonds) to the N-7 position of guanine. Modified G removes these complexes by exchanging the nitrogen at the 7-position with the carbon at the 8-position of guanine.

The major advantage of modified G in MGB Eclipse probe design is that previously inaccessible G-rich probes can be used to interrogate C-rich targets. Normally, C-rich probes are used to analyse G-C-rich targets, but this can be problematic, since the complementary G-rich target strand can fold or aggregate, thus increasing the assay failure rate. The ability to probe C-rich targets with G-rich probes thus improves assay success rate. An example of a G-C-rich target sequence where the use of modified G is required is presented in Figure [6a](#F6){ref-type="fig"}. An example of one such problematic sequence is found in the *RAD23B*gene in IVS 5 (<http://snp500cancer.nci.nih.gov>), since this SNP is located in a DNA region where 12 out of 15 bases are G-C. Choosing the C-rich strand as the target requires the use of extremely G-rich MGB Eclipse probes. The successful designs shown in Figure [6](#F6){ref-type="fig"} used probes with a G-content of 11/14 bases (fluorescein probe) and 9/14 bases (5\'-tetrachlorofluorescein probe). By substituting two or three modified G bases into these MGB Eclipse probes, DNA synthesis was successful and this difficult SNP was genotyped, as shown in Figures [6b](#F6){ref-type="fig"} and [6c](#F6){ref-type="fig"}. Attempts to make a working assay without modified G substitution failed.

![**a) A portion of the sequence of the RAD23B-02 SNP (gi:12871592)**. The SNP is shown in parenthesis. Primer sequences are underlined. **b**) and **c**) MGB Eclipse data with two probes labelled with fluorescein specific for the A-allele and 5^\'^-tetrachloro-fluorescein specific for the G-allele, respectively. The alleles are underlined in the probe sequences. \'g\' is modified G. The x-axis and y-axis represent the temperature in °C and the first derivative, respectively.](1479-7364-1-3-209-6){#F6}

Automated genotyping by melting curve analysis on the ABI PRISM 7900
--------------------------------------------------------------------

Automated melting curve analysis was successfully applied to high throughput detection of more than 200 human SNPs. A panel of 102 human genomic DNAs was challenged with each system, as described above. A 100 per cent call rate and 100 per cent concordance with sequencing data was obtained (<http://snp500cancer.nci.nih.gov>). Typically, after completion of the PCR amplification, a melt curve is performed. After the resultant melt data are imported into Excel, the MGB Eclipse Melt Macro, probe T~m~and signal threshold values are automatically determined from the melting curve data (in the absence of the manual user intervention described below), and genotypes called and graphed for each sample. The vertical lines z~1~and z~2~in Figures [7a](#F7){ref-type="fig"} and [7b](#F7){ref-type="fig"} represent the T~m~s for the A and C alleles, respectively. Similarly, the signal thresholds in each channel are represented as double horizontal lines y~1~and y~2~in the fluorescein and tetrachlorofluorescein channels, respectively. The macro looks in the fluorescein channel for the highest fluorescent signal, which represents the T~m~of the probe complementary to the wild-type homozygous signal, indicated as a vertical line (z~1~) in Figure [7a](#F7){ref-type="fig"}. An acceptable fluorescein T~m~window is set automatically with the default setting of ± 3°C T~m~. A signal in this window is assigned a value of 1. Any signal outside of this window is assigned a value of zero. Similarly, in the tetrachlorofluorescein channel, the macro looks for the highest signal which represents the T~m~of the homozygous mutant allele, shown as a vertical line (z~2~) in Figure [7b](#F7){ref-type="fig"}. Again, an acceptable tetrafluorescein T~m~window is set automatically as ± 3°C T~m~. A signal in this window is also assigned a value of 1, while any signal outside the window is set as a zero value. The melt curves of samples can now be typed automatically, as shown in Figure [7c](#F7){ref-type="fig"}.

![**Semi-automated genotyping using the MGB Eclipse Melt Macro and genotyping of *NAT-1*A/C alleles**. **a**) Shows the melting curves in the fluorescein channel and **b**) shows the melting curves in the tetrachlorofluorescein channel. The vertical lines z~1~and z~2~are manually set for the T~m~s for the A and C alleles, respectively. Similarly, the thresholds in each channel are manually set and are respectively set as double horizontal lines y~1~and y~2~in the fluorescein and tetrachlorofluorescein channels, respectively. **c**) A subset of automated genotyped alleles from a 384-well plate is listed as an example. Sample in well A7 is no template control (NTC); samples in other wells contain different human genomic DNAs.](1479-7364-1-3-209-7){#F7}

A sample with a value of 1 only in the fluorescein channel is typed as a homozygous allele Fa, while a value of 1 in only the tetrachlorofluorescein channel represents a homozygous allele Fb. Values of 1 in both channels represent a heterozygous sample (Figure [7c](#F7){ref-type="fig"}). A zero value in both channels may be a no template control (NTC), as is the case in Figure [7](#F7){ref-type="fig"} (well A7) or indicates that the sample needs manual attention, as PCR may have failed. The macro normally sets probe T~m~and signal threshold parameters automatically.
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